An inactive vent field comprised of dead chimneys was discovered on the ultrafast East Pacific Rise (EPR) at 18°S during the research campaign NAUDUR with the R/V Le Nadir in December 1993. One of these chimneys was sampled, studied and found to be largely composed of silica-mineralized bacterial-like filaments. The filaments are inferred to be the result of microbial activity leading to silica (± Fe-oxyhydroxide) precipitation. The chimney grew from the most external layer (precipitated 226 ± 4 yr. B.P.) towards the central chimney conduit. Hydrothermal activity ceased 154 ± 13 yr. B.P. and the chimney conduit was completely sealed. Mixing between an end-member hydrothermal fluid and seawater explains the Sr-Nd isotopic composition of the chimney. Seawater was the major source of Sr to the chimney, whereas the dominant Nd source was the local mid-ocean ridge basalt (MORB) leached by the hydrothermal fluids. The mixing scenarios point to a dynamic hydrothermal system with fluctuating fluid compositions. The proportion of seawater within the venting fluid responsible for the precipitation of the silica chimney layers varied between 94 and 85%. Pb-isotope data indicates that all of the Pb in the chimney was derived from the underlying MORB. The precipitation temperatures of the chimney layers varied between 55 and 71 °C, and were a function of the seawater/end-member hydrothermal fluid mixing ratio. δ30Si correlates with the temperature of precipitation implying that temperature is one of the major controls of the Si-isotope composition of the chimney. Concentrations of elements across the chimney wall were a function of this mixing ratio and the composition of the endmember hydrothermal fluid. The inward growth of the chimney wall and accompanying decrease in wall permeability resulted in an inward decrease in the seawater/hydrothermal fluid mixing ratio, which in turn exerted a control on the concentrations of the elements supplied mainly by the hydrothermal fluids. The silica chimney is significantly enriched in U, likely a result of bacterial concentration of U from the seawater-dominated vent fluid. The chimney is poor in rare earth elements (REE). It inherited its REE distribution patterns from the parent end-member hydrothermal fluids. The dilution of the hydrothermal 2 Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive publisher-authenticated version is available on the publisher Web site.
Introduction
X-ray amorphous silica is a common minor and rarely major constituent of modern seafloor hydrothermal deposits (Juniper and Fouquet, 1988 , Jonasson and Perfit, 1999 and Hein et al., 2008 . Occurrences of almost pure silica hydrothermal chimneys at the seafloor (Herzig et al., 1988 , Urabe and Kusakabe, 1990 , Stüben et al., 1994 , Sun et al., 2012 and Jaeschke et al., 2014 and continental rifts (Shanks et al., 2005) are rarely reported. Unlike their sulphide counterparts, this type of underwater hydrothermal chimney has a low metal content and therefore, it is not economically attractive. As a consequence, silica hydrothermal chimneys have received little scientific interest. The few studies performed on them to date have focused on their mineralogy and geochemistry (major and some trace elements, isotopes of O and Sr). The lack of precise age constraints on chimney formation and the limited trace element and isotope data (due to analytical challenges at the time of investigation) have
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3 resulted in somewhat speculative models for chimney formation. The scarce knowledge of recent seafloor hydrothermal silica chimney formation hampers the understanding of the formation of ancient silica chimneys preserved in the rock record (Chen et al., 2009 ). This is particularly critical when globally important events such as oceanic chemical perturbations (hypoxia, anoxia) and climate change are interpreted to be related to the increased hydrothermal input of silica to the ocean and subsequent massive precipitation of cherts (Chen et al., 2009 ).
Motivated by the insufficient knowledge of silica hydrothermal chimneys and both their significance for the interpretation of critical intervals of Earth's history and the indications that although metal-poor, these chimneys may concentrate some trace elements, we undertook a detailed trace element, isotopic, and geochronological investigation of a silica chimney collected at the EPR. The EPR segment where the chimney was recovered is located between the Garrett Fracture Zone (Garrett F.Z.) and the Easter Microplate (Fig. 1A ). This part of the EPR was investigated during the research campaign NAUDUR, onboard the R/V Le Nadir operating the Deep Submersible Vehicle (DSV) Nautile in December 1993 (Auzende et al., 1994a, b; Fouquet et al., 1994; Auzende et al., 1996) . The NAUDUR expedition was aimed at studying the interactions between tectonic, magmatic, and hydrothermal processes at an ultrafast spreading ridge. Hydrothermal fields at stage of activity cessation with formation of chimneys composed almost entirely of X-ray amorphous silica are among the large variety of hydrothermal manifestations described by the NAUDUR team (Fouquet et al., 1994 ).
Here we report the results of a study employing multiple mineralogical and geochemical tools (including C-O-Si-Sr-Nd-Pb-Th-U isotope systematics) to decipher formation processes of this still poorly understood chimney type.
Geological setting
The EPR between the Garrett F.Z. and the Easter Microplate (Fig. 1A ) is characterized by ultrafast and asymmetric spreading (Naar and Hey, 1989; DeMets et al., 1990; Perram et al., 1993; Cormier and Macdonald, 1994) . The morphology of the ridge crest of this spreading segment is linear and homogeneous (Bäcker et al., 1985; Lonsdale, 1989; Perram et al., 1993; Scheirer et al., 1993; Cormier and Macdonald, 1994) . The ridge axis is offset by several overlapping spreading centres (Lonsdale, 1989; Sinton et al., 1991) .
Ridge crest morphology variations, from a dome-shaped profile without an axial graben to a wide (1 -2 km) and relatively deep (50 -100 m) graben, were interpreted as being related to
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4 the existence of a shallow axial magmatic chamber Scheirer et al., 1993) .
The EPR axial graben between 18°11'S and 18°17'S ( varying in width from meters to some tens of meters. Fissuring appeared to also affect the young lava at the seafloor as well as the hydrothermal deposits (dead chimneys), thus indicating that the youngest major activity occurring at this ridge segment was tectonic (Auzende et al., 1994a (Auzende et al., , b, 1996 .
The outer slope of the western side was dominated by pillow lavas with sediment cover that represent the oldest volcanic products at this ridge segment. Steps inside the graben showed interlayered pillow, lobate, and sheet lavas, sometimes with small collapsed structures on top of small fault-bounded plateaus. Sheet and lobate lavas were dominant at the graben floor with the exception of the northernmost part, where pillow lavas and (less frequently) lobate lavas occurred. The sheet and lobate lavas observed at the seafloor along the southernmost cross section of the DSV Nautile dive #16 showed a wide collapsed structure with well-preserved pillars and remnants of the original surface of the flow represented by thin lava slabs interconnecting pillars. This structure provides evidence for a wide collapsed lava lake representing the youngest volcanic filling of the graben. Collapse structures in lobate and sheet lavas were observed to the north, along the two E-W and W-E cross sections (Fig. 1B) . This suggests that the bottom of the graben was mostly flat at the time of the outpouring of the sheet and lobate lavas and that lava pond(s) were formed. Emptying and subsequent collapse of the lava lake(s) was possibly due to higher depth of the seafloor in adjacent areas, or widening of the graben by tectonics, or both, promoting outflow of the lava.
It is possible that the pillow lavas observed at the northernmost track of dive #16 were related to a collapsed lava lake.
Ample evidence shows that the hydrothermal activity in the central graben was in a waning stage (Fouquet et al., 1994) . Twenty hydrothermal sites were observed along ~20 km of the eastern wall of the graben. Only two of them were active black smokers (T ≤ 310°C).
There was no diffuse flow discharge and no fauna around the vents. Inactive sulfide and silica chimneys (often broken and fallen) formed distinct alignments parallel to the eastern wall and
were mostly located at the edge of small plateaus at the foot of the main fault wall. Yellow and reddish-brown sediments occurred as patches around the chimneys. The hydrothermal deposits were interpreted to be mature (Fouquet et al., 1994) . Silica chimneys are considered to represent the end of a hydrothermal cycle (Fouquet et al., 1994) . According to the scenario for the evolution of hydrothermal activity at an ultrafast spreading center (Fouquet et al., 1994) this ridge segment was on a tectonics-dominated (3 rd ) stage.
Samples and methods of investigation
The DSV Nautile dive #16 track crossed and surveyed three inactive hydrothermal fields within the axial graben between 18°13'S and 18°14'S (Fig. 1B) . Bright yellow, dead hydrothermal chimneys with a smooth partly dark grey surface (presumed to be composed of silica with a Mn-oxide coating) rested on lobate lavas and were scattered over a wide area ( Fig. 2A) . Some of them grew from cracks in the pillows, and yellow material similar to that composing the chimneys was visible underneath among the pillows.
The spire of an inactive chimney (#ND 16-08; 18°13.67'S, 113°21.57'W, 2682 m; 50 cm x 10 cm; 3 kg) composed of porous, whitish-orange material was collected with the DSV Nautile manipulator (Fig. 2B ). The core of the chimney was composed of more homogenous and lighter white material than the hard chimney wall around the core (Fig. 2C ).
We selected five samples across the chimney after cutting a slice perpendicular to the chimney axis (Fig. 2C) . The samples followed the (indistinct) internal concentric zoning of the chimney. Sub-samples from each sample were ground into a fine powder in an agate mortar for further mineralogical and geochemical analyses. Thin polished sections across the chimney wall were investigated by optical microscopy (Olympus BX60 polarizing microscope) for mineral composition and texture.
Secondary electron images (SEI) and energy dispersive X-ray spectra (EDS) were obtained on small (~0.5x0.5 cm) sub-samples from each sample using a FEI Quanta 200 scanning electron microscope (SEM) (V=10 kV, I=100 µA, electron beam diameter of 2 µm), after mounting the sub-samples on aluminium stubs using carbon tape and coating them with Au. X-ray mapping (in Si K α , Fe K α and U M  lines) and analysis of elements with Z≥9 were performed on C-coated polished thin sections using a Cameca SX 100 electron microprobe (EMP) (V=15 keV, I=20 nA, electron beam diameter of 2 μm). Standards used were:
wollastonite (Si K  ), andradite (Fe K  ) and UO 2 (U M α ), and detection limits (wt.%) were 0.03 for Si, 0.04 for Fe and 0.03 for U. Small sub-samples were embedded in EPON epoxy
resin, sectioned with an ultra-microtome and observed using a Zeiss EM 912 X energy filter model transmission electron microscope (TEM) operating at 120 kV.
The mineral composition of finely powdered sub-samples was determined by X-ray diffraction (XRD) analysis (Philips X-ray diffractometer PW 1820 with monochromatic Co K α radiation) of random mounts with scans from 5 to 70 °2, with 0.01 °2θ step, and 1 s/step. XRD patterns were interpreted by using the XPowder® software.
About 50 mg of each sample were digested in conc. HF-HNO 3 , immediately neutralized with H 3 BO 3 , and analyzed for major elements (Si, Ti, Fe, Mg, Na, K and P) digestion, addition of a Tm spike and using a sample-standard bracketing procedure with BHVO-2 solutions (Barrat et al., 1996; Bayon et al., 2009a ) during a separate analytical session on the Element2 HR-ICP-MS.
Total organic (TOC) and total inorganic (TIC) carbon content of the silica chimney was determined by analyzing carbon contents (Micro Cube elemental analyzer) of two batches of ground sub-samples: (1) untreated, and (2) after acid leaching. TOC was determined by analyzing residues after removal of carbonate by acid leaching of samples in 10% HCl for 24
hours. Assuming that the majority of inorganic carbon in this type of seafloor deposit was in the crystal lattice of Ca(-Mg)-carbonates, the TIC fraction was estimated as being the difference between the total carbon content of the untreated sub-sample and that of the acid leached sample (TOC). Total sulfur (S tot ), total organic sulfur (S org ) and total inorganic sulfur (S inorg ) were measured following the same methodology and with the same analyzer. The routine analytical precision (2σ) was ±0.1%.
Carbon isotope compositions were similarly evaluated to determine the sources of C in the silica chimney. Samples (untreated and after acid leaching) and standards were weighed into tin capsules and loaded into an Isotope Cube elemental analyser interfaced to Delta
Advantage isotope ratio mass spectrometer (IRMS). Samples and standards were flash combusted at about 1800°C (Dumas combustion) and the resulted gas products carried by He (Gonfiantini, 1978) and were reproducible to within ±0.2‰.
In light of the proposed relationships between the temperature of precipitation and the Si isotope composition of siliceous chemical sediments (e.g., Geilert et al., 2014 Geilert et al., , 2015 , Si isotope compositions of the silica chimney layers were determined by Thermo Scientific To decipher the sources of Sr, Nd and Pb and their relative proportions, we investigated the Sr-Nd-Pb-isotope compositions of the silica chimney. Strontium, Nd, and Pb isotopic ratios were determined on a Nu Plasma MC-ICP-MS, following methods described in Kamenov et al. (2008) . The reported 87 Sr/ 86 Sr ratios are relative to NBS 987
In order to determine the temporal sequence of chimney layer precipitation, we dated the chimney layers using U-Th-isotope analysis. For U-Th analyses, ~50 mg of each sample were digested using both conc. HNO 3 and conc. HF solutions, after addition of a mixed 236 U-229 Th spike. The U and Th fractions in each solution were purified using standard ion chromatographic methods (Bayon et al., 2009b) 
Results

Mineralogy
X-ray diffraction analyses demonstrated that all five samples were composed of opal-A (SiO 2 ·nH 2 O): XRD patterns (not presented) showed only one broad, diffuse peak at ~4.0 Å. (Fig. 3E ). X-ray mapping of the thin sections (Fig. 4 ) confirmed these observations. The filaments are often finely coated with Fe-oxyhydroxides (Fig. 3F ). TEM observations of the most external chimney layer (#ND 16-08-5) showed filament diameters varying from 0.2 to 2 µm (Fig. 5A ). The central zone of these filaments appeared to be composed of silica surrounded by a Fe-rich outer wall (EDS data not shown) (Fig. 5A ). The open space among the filaments in the external layers (samples ## ND 16-08-4, -5) is sparsely impregnated with fine needles or crumpled sheets of Fe-oxyhydroxides (Fig. 5B) .
SEM-EDS observations
Major and trace element geochemistry
Geochemical analyses confirm the XRD data, showing that the chimney is composed almost entirely of silica: SiO 2 content varies between 88.2 and 94.0 wt.%, with the lowest value in the most external layer ( The distribution of the other elements across the chimney wall follows two major trends: (1) elements whose concentrations increase from the exterior to the interior (Ti, Al, Sn, Ga and U), and (2) elements whose concentrations generally decrease from the exterior to the interior [Na, K, S (total and its both components, organic and inorganic), C (both TOC and TIC), Mn, Sr, Ba, Li, V, Co, Zn, Cd, As, Sb and REE] (Table 1) .
REE concentrations of the silica chimney are low: ΣREE<1 ppm (Table 1) . Chondritenormalized REE distribution patterns of the studied samples show positive Eu anomalies (Eu/Eu*>1), varying Ce anomaly (from negative to slightly positive), and slight enrichment of light REE relative to heavy REE (La CN/ Lu CN >1) ( Table 1 ; Fig. 6A ).
Isotope composition
The whole-rock C isotope compositions of the silica chimney samples are isotopically light, similar to the C isotope compositions of organic matter determined on decarbonated samples ( Table 2 ).
The overall range of δ 18 O of the silica chimney samples is 26.6-29.6‰ and calculated temperatures of precipitation range between 55 and 71°C ( Table 2 ). The variation in δ 18 O silica is well above analytical uncertainty (±0.2‰) and certainly reflects small but real systematic variation across the chimney wall. Calculated temperatures are based on the quartz-water fractionation studies of Clayton et al. (1972) , and in this study depend on three assumptions:
(1) isotopic equilibrium between the silica and hydrothermal fluid, (2) precision, accuracy, and applicability of the quartz-water curve to the less-ordered silica in our samples, and (3) ppm, and between ~0.3 and ~3.6 ppb, respectively ( Table 2 ). The 232 Th/ 230 Th ratios range from ~300 to ~6500, which correspond to ( 230 Th/ 232 Th) activity ratios between ~28 and 600 (Table 2 ). The studied samples display corrected δ 234 U initial values similar to that of seawater [δ 234 U = 146.6 ± 2.5 ‰; Robinson et al. (2004) ], but a distinct trend towards slightly higher δ 234 U values was evident from the inner to the outer part of the chimney (from 147.7 ± 0.9 to 154.4 ± 1.2 ‰) ( Table 2) . Corrected 230 Th ages range from about 150 to 230 yr B.P., also exhibiting a trend towards younger ages from the outside in (Table 2) .
Discussion
Hydrothermal silica chimneys from different geological settings
The few reports on silica chimneys from seafloor active plate boundaries (Herzig et al., 1988; Urabe and Kusakabe, 1990; Stüben et al., 1994; Sun et al., 2012) and continental rifts (Shanks et al., 2005) suggest that these hydrothermal vent features have similar characteristics across different tectonic settings. The described chimneys were almost entirely composed of silica in the form of silicified bacterial-like filaments reminiscent of silicified bacteria in terrestrial silica sinters (e.g., Jones et al., 2004) , had internal concentric textures around a sealed conduit, have red-brown to black outer surfaces, and were recently inactive, as is the case for the chimney described here. Although the geochemical data for comparison are scarce, we can infer that MOR silica chimneys seem to contain more Si and U, and less Fe, Mg, Al, Ca, Sr, Ba, Li, Rb, Cs, W, Ni, As, Sb, Mo, and Tl, than chimneys from back-arc spreading centres (BASC) and continental rifts (Table 3 ). The major source of Ba, Ca, Li, Rb, and Cs are considered to be hydrothermal fluids [seawater being the second, but a minor source; German and Von Damm (2006)]. One of the major controls on the vent fluid chemistry is the leachable substrate composition (German and Von Damm, 2006) . The contrasting substrate composition of MOR (tholeiites) and BASC (tholeiites to dacites and rhyolites) hydrothermal systems (Hékinian, 1982) results in different vent fluid chemistry (German and Von Damm, 2006) . We may therefore hypothesise that the elevated Ba, Ca, Li, Rb, and Cs concentrations of BASC silica chimneys, relative to MOR silica chimneys, reflect their different vent fluid chemistries. Similarly, the increased contents of volatile elements, such as As, Sb, and Tl, in the BASC silica chimneys implies increased input through direct magma degassing to felsic-hosted hydrothermal systems. High concentrations of Ba and Ca in the BASC silica chimneys and the occurrence of Ba and Ca in discrete minerals (barite and anhydrite, respectively) explain the slightly lower content of Si in these chimneys as a result of a "dilution" effect.
Chronology of silica chimney formation
Most of the previous studies on hydrothermal silica chimneys at the seafloor (Herzig et al., 1988; Stüben et al., 1994; Sun et al., 2012) and continental rifts (Shanks et al., 2005) have proposed various models for their growth. These models are largely based on the internal chimney texture and gradients in mineralogical and geochemical composition. A major flaw of each of these models is the lack of quantitative temporal constraints on chimney development: i.e., geochronological dating of consecutive precipitation events. Two studies have attempted to date different chimney parts, providing an approximate formation age of ~1440 yr for a chimney from the Galapagos Spreading Centre (Herzig et al., 1988) and ~7500
yr for a chimney from the Mariana Back-Arc Spreading Centre (Stüben et al., 1994) .
Uranium series disequilibrium dating of the different concentric layers of the studied silica chimney suggests that the chimney had grown from the most external layer (precipitated 226 ± 4 yr B.P.; Table 2 ) towards the central chimney conduit. This led to the complete sealing of the conduit around 154 ± 13 yr B.P. (Table 2 ) and cessation of hydrothermal fluid flow. The chimney lifetime was thus less than 100 years.
Mechanism of silica precipitation
Previous studies of hydrothermal silica chimneys (Herzig et al., 1988; Stüben et al., 1994; Shanks et al., 2005; Sun et al., 2012) based on the observations that underwater hydrothermal sites provide habitats for various microbial communities (Jannasch and Wirsen, 1981; Baross and Deming, 1985; Karl, 1995; Juniper et al., 1998; Cowen et al., 1999; Glazer and Rouxel, 2009; Davis et al., 2009; Sudek et al., 2009; Takai et al., 2009 ) suggest that silica chimney formation can be related to microbially mediated precipitation of silica and Feoxyhydroxides.
Our observations (see section 4) show that silicified filaments, the main component of the studied silica chimney, have yellowish thread-like axial zones (composed of silica and Feoxyhydroxides) enveloped by silica that is often finely coated with Fe-oxyhydroxides (Figs 3E, F; 4A, B). Thus, if we suppose that a bacterial cell originally occupied the hollow axial zone of the filament (now empty after decay of organic matter; Fig. 3C ), it is possible that it became coated with Fe-oxyhydroxides+silica, then encrusted by a thick silica envelope, and finally coated with Fe-oxyhydroxides (Fig. 3E, F ). Similar observations have been reported for the low-temperature hydrothermal iron-and silica-rich precipitates in the CDE hydrothermal field, Lau Basin (Li et al., 2012) and silica sinters in terrestrial hot springs (Jones et al., 2004) .
Bacteria are known to secrete extracellular polymer substances (EPS) for attachment, colonization, and protection from environmental conditions. The EPS also acts as a reactive chemical surface for adsorption of dissolved Fe 2+ and SiO 4 4- (Fortin et al., 1998; Ueshima and Tazaki, 2001; Phoenix et al., 2003; Yee et al., 2003; Lalonde et al., 2005) that are abundant in the seafloor vent fluids (German and Von Damm, 2006 (Urrutia and Beveridge, 1994; Fein et al., 2002) . The presence of Fe 3+ -coatings on bacteria significantly increase silica sorption and precipitation rates, and the extent of Si sorption/precipitation increases with increasing Fe 3+ concentrations (Urrutia and Beveridge, 1994) .
We therefore argue that the observed filaments with "sandwich"-like internal textures, Fe-oxyhydroxides+silica -silica -Fe-oxyhydroxides (from inside out), are likely the result of microbial surfaces serving as substrates for the precipitation of silica and Fe-oxyhydroxide in the studied chimney. Phylogenetic analysis (e.g., using 16S rRNA) of associated microbes was not performed because the samples were not properly stored prior to analysis, i.e., they
were not frozen at -80°C shortly after sampling. Our arguments are therefore solely based on SEM and TEM observations, previous reports of similar precipitates (Jones et al., 2004; Li et al., 2012) , and past laboratory studies of Fe-Si interactions with bacteria (Urrutia and Beveridge, 1994; Fein et al., 2002) . Furthermore, the twisted ribbon-like filaments are reminiscent of the stalks produced by microaerophilic Fe-oxidizing bacteria such as Gallionella, and it is interesting to note that these are primarily observed on the external layer of the chimney where the Fe content is highest. It is important to keep in mind, however, that similar structures may be produced abiotically (García-Ruiz et al., 2003) , and that identification of silicified filaments as specific bacteria is fraught with difficulty, even when silicified and unsilicified examples are available in the same deposit (Jones et al., 2004) .
A biological origin for the silicified filaments is suggested by the chimney δ 13 C organic values, which are isotopically light (-28.37 to -24.6‰; Table 2 ), falling entirely within the range expected for autotrophic CO 2 fixation by either phototrophic or chemotrophic bacteria.
However, they are ambiguous with respect to an endogenous vs. exogenous origin of organic matter in the chimney. δ 13 C total that is similar or only slightly higher than δ 13 C organic (up to -23.9‰), indicates little to no contribution from isotopically heavier carbonates derived from seawater. Considering that the chimney grew from the outside inwards, it is unlikely that the isotopically light C isotope compositions (both total and organic values) of the chimney layers reflect inheritance from photosynthetically-derived organic matter settling through the water column. A chemoautotrophic origin for the isotopically light δ 13 C values is thus more likely, consistent with the idea that thermophilic microbes grew within the interior of the chimney during its formation and ultimately gave rise to the filamentous silica fabric observed in the chimney.
Sources of Sr, Nd and Pb
Strontium-and Nd-isotope compositions of the silica chimney samples show intermediate values indicative of mixing between the two possible Sr and Nd sources in the chimney: basaltic (leached and transported by hydrothermal fluids) and seawater (Fig. 8) . The silica chimney was inactive at the time of sampling and no hydrothermal fluids were sampled.
Therefore, for our interpretation we used the composition of hydrothermal fluids venting from the closest active chimneys as representative for the hydrothermal fluid composition of the silica chimney. Hydrothermal fluids of the closest chimneys "Tchao" and "Acorta" have Sr concentrations between 8 ppm and 15 ppm . The lowest Sr concentration measured in the hydrothermal fluids of the surveyed area (17°S-19°S) is 0.94 ppm . Neodymium concentrations of the hydrothermal fluids from the area vary between 0.11 ppb and 1.1 ppb (Douville et al., 1999) . The local deep-seawater has a Nd concentration of 0.0023 ppb (Klinkhammer et al., 1983) . We modelled four different mixing scenarios, with end-member hydrothermal fluid Sr concentrations ranging from 8 ppm to 15 ppm and Nd concentrations from 0.11 ppb to 1.1 ppb, mixing with local deep-seawater ( In contrast to Sr and Nd, the Pb-isotope composition of the silica chimney entirely overlaps with that of the local basalts and is similar to the Pb-isotope composition of the sulfide chimneys from the nearby active hydrothermal fields (Fig. 9) . This indicates that all of the Pb in the silica chimney is derived from the underlying basalts. The observation that different isotopes provide different information about the element sources and their respective proportions can be explained by simple mass-balance calculations. Seafloor hydrothermal fluids have Pb concentrations (<20 -3900 nmol/kg) about four orders of magnitude higher than those of the seawater (0.01 nmol/kg) (German and Von Damm, 2006) . Therefore, adding just a few percent of end-member hydrothermal fluid will completely swamp the Pb isotope signal of a mixture composed of seawater and hydrothermal fluid. On the other hand, the endmember hydrothermal fluids of the studied area have Sr concentrations (10.7 -189 µmol/kg) comparable to those of local deep-seawater (87 µmol/kg) . 
Thermal history of the silica chimney and temperature dependence of Si isotope fractionation
The temperatures of silica precipitation calculated from the O isotope data (Table 2) generally increase from the oldest (outermost) layer (#ND 16-08-5) inward (#ND 16-08-2).
The In other words, abiotic (and likely biotic) silica precipitation is accompanied by preferential uptake of lighter Si isotopes, yielding lower δ 30 Si than the remaining fluid (Geilert et al., 2015) . After reaching a steady state, the selective incorporation of Si isotopes by the solid phase exhibits a clear temperature dependency: the lighter Si isotopes are preferentially incorporated, and apparent fractionation magnitudes increase with decreasing temperature (Geilert et al., 2014 (Geilert et al., , 2015 . Our data (Table 2) provide an important natural confirmation that the preferential incorporation of isotopically light Si occurs during the precipitation of silica at temperatures lower than 100°C (Fig. 7) .
Alternatively, the observed δ Si increase observed across the chimney wall corresponds to higher proportions of seawater in the vent fluid, hence opposite to the observed trend (Fig. 10) Si) of siliceous chemical deposits (Fig. 10) .
Geochemistry of the silica chimney wall
The temporal scenario for silica chimney formation proposed here, along with the isotope data speaking to sources of Sr, Nd (and likely the other REE), and Pb, provide important information on the geochemical evolution of the chimney wall. Concentrations of elements across the chimney wall are a function of both the mixing proportions of two source fluids (seawater proportions of 94, 92, 90, 85 and 92 %, from the oldest to the youngest layer) and the composition of the end-member hydrothermal fluid (assuming seawater composition did not change dramatically during the chimney formation; i.e., between 226±4 and 154±13 yr B.P.).
Iron, Mn and S
Concentrations of Fe and Mn, two major metals substantially enriched in hydrothermal fluids, decrease from the oldest, outermost layer (#ND 16-08-5) to the most recent, innermost layer (#ND 16-08-1) ( Table 1 ). The most ready explanation for this observation is a compositional variation of the hydrothermal fluid through time: i.e., a decrease in both Fe and Mn concentrations in the vent fluid. However, chimney growth (inward in this case) will result not only in a thicker, but also in a denser wall (macroscopically observed; see second paragraph, section 3). This would lead to a temporal decrease in wall permeability and consequently to an inward decrease in the mixing ratio of seawater and hydrothermal fluid and thus less dilution of the hydrothermal Fe and Mn supply. This is supported by the Sr-Ndisotope data (with the exception of the youngest inner chimney, filled conduit). Silica likely continued precipitating inward in the chimney, but mostly at the expense of conductive cooling, and likely less as a result of seawater/hydrothermal fluid mixing. We inferred (section 4) that in the studied chimney, Fe was likely mostly present as Fe-oxyhydroxides.
The Mn content in the chimney is so low (0.03 wt.% MnO 2 in the most rich in Mn layer #ND 16-08-5, Table 1 ) that we could not detect any Mn-mineral using the XRD (detection limits >4 wt.%). We therefore assume that the major part of Mn in the silica chimney was present as
Mn-oxyhydroxides rather than as impurity in the silica. Further, we speculate that the decreased seawater/hydrothermal fluid ratio towards the interior of the chimney (as a result of development of a denser outer wall), might further lead to a decrease in the dissolved O 2 flux There exists a correlation of the temporal distribution of S inorg (and S tot ) with the distributions of Fe, Ca, Ba, Zn, Cd, Pb, As and Sb, which all decrease from the oldest outer layer to youngest inner layer (Table 1 ). This suggests that although our XRD studies did not reveal the presence of Fe, Zn, Cd, Pb, As or Sb sulfides, nor Ca or Ba sulfates, we cannot completely rule out the presence of trace (<4%) amounts of these minerals in the chimney. A decrease in the H 2 S content of the vent fluid as the hydrothermal system waned might have favoured the precipitation of traces of Fe, Zn, Cd, Pb, As and Sb sulfides more towards the beginning of chimney growth.
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Barium and Ca
A similar scenario would explain the inward (temporal) decrease of the Ba concentrations in the silica chimney ( 5.6.3. Phosphorus, Li, V, Co, Zn, Cd, Pb, As and Sb Distributions of P, Li, V, Co, Zn, Cd, Pb, As and Sb across the chimney wall generally follow that of Fe and Mn, i.e., decreasing inwards with a slight increase in the chimney conduit filling (Table 1) . With the exception of P and V, these elements are mostly supplied by the hydrothermal fluids in the seafloor vents (Gurvich, 2006; German and Von Damm, 2006) . Zinc, Cd, Pb, As and Sb may form their own minerals (e.g., sulfides and sulfosalts) in reducing hydrothermal environments. However, under predominantly oxic conditions like that inferred for the silica chimney vent fluid (>85% seawater) these elements (along with P, Li, V and Co) seem to be mostly scavenged by Fe-Mn-oxyhydroxides (e.g., Gurvich, 2006) and are rarely present as discrete sulfides and sulfosalts. Indeed, their distribution across the chimney wall follows that of Fe and Mn. The minor increase in P and V contents in the chimney conduit filling may be explained with the increased proportion of seawater (92%) in the vent fluid, whereas a similar increase in the concentrations of Li, Co, Zn, Cd, Pb, As and Sb may be better attributed to changes in hydrothermal fluid chemistry, e.g. less important removal of these elements in the subsurface as hydrothermal activity waned.
Aluminium, Rb and Ga
Concentrations of Al, Rb and Ga increase inward across the silica chimney wall (Table   1) . Al-containing minerals were not detected in the chimney. Rubidium and Ga do not form their own minerals in seafloor hydrothermal environments. These three elements do not appear to be scavenged by Fe-Mn-oxyhydroxides either (Gurvich, 2006) . It is however possible that they are present as impurities in the silica: e.g, Al 3+ substituting for Si 4+ (Miyoshi et al., 2005) . Hydrothermal fluids at ultrafast spreading centers contain more Al and Rb than ambient seawater (German and Von Damm, 2006) . The inward growth of the silica chimney wall and its progressive decrease in permeability would have gradually decreased the dilution of hydrothermal fluid by seawater (with low Al and Rb concentrations) within the chimney. As a result, the concentrations of Al and Rb (and presumably Ga) in the vent fluids, and consequently the Al and Rb impurities entrapped in the precipitated silica layers, will be a function of time (silica layer age), with the youngest layers capturing more Al and Rb (± Ga).
Conversely, the increased proportion of seawater in the vent fluid that precipitated the conduit filling would have resulted in a decrease in the Al, Rb, and Ga concentrations. The observed steady increase of these concentrations (Table 1) perhaps reflects an increase in the parent end-member hydrothermal fluid at this late stage of chimney formation.
Uranium
Concentrations of U in the studied chimney (8.61 -28.8 ppm; Table 1 ) are similar to those of other underwater silica chimneys (1.03 -5.95 ppm; Table 3 ), seafloor hydrothermal sulfides [1 -40 ppm; Fouquet et al. (2010)], and seafloor metalliferous sediments [0.87 -10.6 ppm at the EPR 14°S close to the location of the studied silica chimney (Fisher and Boström, 1969) , up to 18.9 ppm at the TAG area of the Mid-Atlantic Ridge (Mills et al., 1994) , and up to 45 ppm (on a carbonate-free basis) at the FAMOUS area of the Mid-Atlantic Ridge (Scott et al., 1979) ]. They are also comparable in U concentrations to anoxic marine sediments [4.3 -47 ppm; Veeh (1967) , Mangini and Dominik (1979) , Weyer et al. (2008) , Baturin (2011) ].
Compared to the average U content of background deep-sea sediments [3 ppm; Veeh (1967)] it appears that all types of seafloor hydrothermal deposits (silica chimneys, sulfide chimneys and mounds, and metalliferous sediments) are significantly enriched in U. Investigations of the 234 U/ 238 U activity ratios of hydrothermal silica chimneys (Herzig et al., 1988; Stüben et al., 1994) , seafloor hydrothermal sulfides (Lalou et al., 1989 (Lalou et al., , 1995 Kuznetsov et al., 2011) , metalliferous sediments (Scott et al., 1979; Mills et al., 1994) and anoxic sediments (Veeh, 1967; Mangini and Dominik, 1979) have shown that they are close to that of seawater [ 234 U/ 238 U activity = 1.144 ± 0.002, δ 234 U = 144±2; Chen et al. (1986a) ], indicating that seawater is the principal source of the elevated U concentrations in these deposits. In the case of silica chimneys, sulfide chimneys, and metalliferous sediments, a hydrothermal input of U (leached from the host rocks) may theoretically be expected. The observation that basalt-hosted sulfides contain less U than the ultramafic-hosted sulfides [1 -11 ppm vs. 6 -40 ppm, respectively; Fouquet et al. (2010) ] and that this clearly correlates with the U concentrations of the host rocks [U N-MORB = 0.014 ppm, U ultramafic rocks = 0.026 ppm; Anderson (1989) ] implies that U concentrations in the seafloor hydrothermal systems may be controlled by the U content of the source rocks. However, U is generally thought to be quantitatively removed (~98%) from seawater during hydrothermal circulation through the oceanic crust (Michard and Albarede, 1985; Chen et al., 1986b) . Consequently, the seafloor end-member hydrothermal fluids are depleted in U. Therefore, hydrothermal contributions of U to the silica chimneys was likely negligible. The measured δ 234 U in the studied silica chimney (close to δ 234 U seawater ; Table 2 ) further suggests that seawater was the major source of U in this chimney. Slightly increased δ 234 U values in respect to that of seawater (Table 2) imply that there might have been some preferential leaching of 234 U from the host basalts, as assumed earlier for the seafloor hydrothermal systems (Chen et al., 1986b) , with subsequent coprecipitation or scavenging during chimney formation. If this assumption is correct, then according to our measurements, the proportion of preferentially leached and co-precipitated 234 U had gradually decreased in the course of chimney formation (precipitation of layers #ND 16-08-5 through #ND 16-08-1, δ 234 U in Table 2 ).
Using The lack of correlation between calculated U concentrations in the vent fluid and measured U concentrations in the chimney (Table 1) suggests that a factor other than the source fluid composition controlled U deposition in the silica chimney. An increase of four orders of magnitude in the U content of the chimney relative to that of the source fluid implies a very effective mechanism of U uptake. Mills et al. (1994) suggested that U enrichment within the TAG metalliferous sediments is microbially mediated, based on their own investigations and the proven ability of microorganisms to concentrate U from solution (Lovley et al., 1991) . Since the studied silica chimney is likely composed of mineralized bacterial filaments, we propose that its elevated U content (relative to both deep-sea sediments, other silica chimneys, and some metalliferous sediments) is the result of bacterial concentration of U from the seawater-dominated vent fluid. X-ray mapping of thin sections spanning the chimney wall showed that U is most likely concentrated in the yellowish thread-like axial zone (composed of silica and Feoxyhydroxides) of the bacterial-like silica filaments (Fig. 4C ). This axial zone is interpreted to be the first silica+Fe-oxyhydroxide coating of the bacterial cell. Uranium obviously remained within this silica+Fe-oxyhydroxide coating (Fig. 4C) . Further, the bacterial decay and leaching of organic matter (Fig. 3C ) may erase the theoretical correlation between the U and organic matter (TOC as indicator) concentrations (Table 1) .
Rare earth elements
As mentioned at the beginning of this sub-section (5.5) the concentrations of elements in the silica chimney are a function of both the composition and mixing proportions of the two source fluids: end-member hydrothermal fluid and seawater. Thus, the concentrations of REE in the chimney layers may be expressed as:
[REE] SC = ([REE] EMHF *% EMHF )/100 + ([REE] SW *% SW )/100, where [REE] SC is the concentration of REE in the silica chimney sample, [REE] EMHF is the concentration of the same REE in the end-member hydrothermal fluid, % EMHF is the proportion (in %) of end-member hydrothermal fluid in the venting fluid from which the sample precipitated, [REE] SW is the concentration of the same REE in seawater, and % SW is the proportion (in %) of seawater in the venting fluid. We assume that minimal REE fractionation occurs between the silica precipitate and coeval fluid, as indicated for both modern marine hydrothermal precipitates (Sherrell et al., 1999) and generally assumed for ancient ones (Danielson et al., 1992; Bau and Möller, 1993; Planavsky et al., 2010) .
Using this simple equation, the SW:EMHF proportions calculated using Sr-isotope data, the measured REE concentrations of the silica chimney, and the REE concentrations of North Pacific Deep Water [NPDW; Alibo and Nozaki (1999) ] as representative of the deep-seawater REE concentrations at the studied site [available REE data for local deep-seawater (Klinkhammer et al., 1983) do not cover the entire REE spectrum], we estimated REE concentrations in the parent end-member hydrothermal fluid. The calculated REE concentrations were used for reconstruction of the REE distribution patterns of the endmember hydrothermal fluids from which the silica chimney layers precipitated (Fig. 6B) .
Comparison of these patterns ( Fig. 6B) with those of the silica chimney samples (Fig. 6A) reveals they are similar, and suggesting that: (1) the silica chimney layers inherited their REE distribution patterns from the parent end-member hydrothermal fluids; (2) dilution of the endmember hydrothermal fluid to 85-94% seawater could not obliterate the particular features of the REE distribution patterns of the hydrothermal fluids.
The low REE concentrations in the silica chimney (ΣREE<1 ppm; Table 1 ) are likely due to the high proportion (>85%) of seawater [with low REE concentrations; Alibo and Nozaki (1999) ] diluting the end-member hydrothermal fluid. Substantial dilution of the hydrothermal fluid with seawater resulted in an order of magnitude decrease in the REE concentrations of the silica chimney relative to the parent fluid (Fig. 6) . The general decrease in REE concentrations from the oldest to the youngest (#ND 16-08-1) chimney layer (Table 1) is thus more likely controlled by the REE concentrations of the parent hydrothermal fluid (Fig. 6 ) than the mixing proportions SW:EMHF.
We are aware of only one seafloor silica chimney for which REE data are reported (Sun et al., 2012) . The REE concentrations in that chimney are one-two orders of magnitude higher than those of the silica chimney we studied (Table 3) . The most remarkable feature of the REE composition of the silica chimney investigated by Sun et al. (2012) is the very high positive Eu anomaly: Eu/Eu*=39.7. Equally interesting is the high Ba concentration, which is four orders of magnitude higher than that of the chimney we studied (Table 3) . It is well documented (e.g., Greaves et al., 1989) Barrat et al., 1996) . Sun et al. (2012) did not report any such analytical precautions during their REE concentration measurements, and we suggest caution when considering the magnitude of positive Eu anomalies in silica chimneys.
Summary
The 
Fig. 7.
Silicon isotope composition of the studied inactive silica chimney compared to that of similar silica deposits [silica sinters at the Icelandic hot springs (Geilert et al., 2015) , siliceous sediment at Mariana black smoker (Jiang et al., 1994) O water = 1‰, which is the approximate average value for MOR hydrothermal vent fluids (Shanks, 2001) . b All calculations of U-Th data have used the half-lives measured by Cheng et al. (2013 Th atomic ratio of 185,000 (i.e., values for a material at secular equilibrium). B.P. stands for "Before Present" where the "Present" is defined as the year 1950 A.D. 
